Strategies to enhance response to poly(adenosine diphosphate-ribose) polymerase inhibitor (PARPi) in primary and acquired homologous recombination (HR)-proficient tumors would be a major advance in cancer care. We used a drug synergy screen that combined a PARPi, olaparib, with 20 well-characterized epigenetic drugs and identified bromodomain and extraterminal domain inhibitors (BETis; JQ1, I-BET762, and OTX015) as drugs that acted synergistically with olaparib in HR-proficient cancer cells. Functional assays demonstrated that repressed BET activity reduces HR and thus enhances PARPi-induced DNA damage in cancer cells. We also found that inhibition or depletion of BET proteins impairs transcription of BRCA1 and RAD51, two genes essential for HR. Moreover, BETi treatment sensitized tumors to PARP inhibition in preclinical animal models of HR-proficient breast and ovarian cancers. Finally, we showed that the BRD4 gene was focally amplified across 20 types of common cancers. Combination with BETi could greatly expand the utility of PARP inhibition to patients with HR-proficient cancer.
INTRODUCTION
Poly[adenosine diphosphate (ADP)-ribose] polymerase inhibitors (PARPis) have been approved by the U.S. Food and Drug Administration (FDA) as monotherapy for women with germline BRCA1/2-mutated advanced ovarian cancer (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . They have also shown promising clinical activity in breast (8, (10) (11) (12) , prostate (8, 10, 13) , and other solid cancers (8, 10) , especially for tumors with defective DNA repair via homologous recombination (HR) (6, 7) . PARP is an enzyme family that posttranslationally modifies its target proteins by conjugating polymeric chains of ADP-ribose [poly(ADP)-ribosylation (PARylation)] during a number of cellular processes including DNA repair, transcription, translation, cell signaling, and cell death (1) (2) (3) (4) (5) 14) . The molecular basis of PARPi effectiveness in cancer treatment appears to mainly depend on the role of PARP, especially PARP1, in DNA damage repair and transcriptional regulation (1) (2) (3) (4) (5) . Multiple mechanisms of PARPi have been proposed, including suppression of base excision repair (1) (2) (3) (4) (5) , trapping of PARP1 on damaged DNA (15) , defective DNA repair protein recruitment (16) , activation of nonhomologous end joining (NHEJ) (17) and alternative end joining (18, 19) , and regulation of transcription (20, 21) . HR-deficient cancer cells, such as cells with BRCA mutations (6, 7) or PTEN loss (22) , are extremely sensitive to PARPi. Despite promising clinical results (8) (9) (10) (11) , overcoming de novo and acquired HR proficiency is one of the major problems for PARPi (1) (2) (3) (4) (5) . A large fraction of tumors are HR-proficient, suggesting that even in high-grade serous ovarian cancer, as many as 50% of patients may not benefit from this drug (1) (2) (3) (4) (5) . Tumors that are initially HR-deficient commonly acquire HR proficiency after PARPi treatment by multiple mechanisms, including secondary mutations that restore BRCA1/2 functions (23, 24) , and loss of expression of PARP1 (25) , 53BP1 (26, 27) , REV7 (28) , or PTIP (29) . Thus, the development of strategies to selectively impair HR in cancer cells and subsequently sensitize HR-proficient cancers to PARP inhibition may provide new clinical applications (1) (2) (3) (4) (5) . In this regard, drug combination approaches have been designed and evaluated in preclinical and early clinical trials (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) .
Potent and selective small-molecule modulators influencing chromatin-modifying proteins have been developed as first-in-class targeted therapies for patients with cancer (40, 41) . For example, bromodomain (BRD) and extraterminal domain inhibitors (BETis) reversibly bind the BRDs of BET proteins and prevent their interaction with acetylated histones and transcription factors (40, 41) . Because well-ordered, deep, hydrophobic pockets in BRDs provide a highly favorable locus for small-molecule compounds, a number of BETis have been developed and evaluated in multiple preclinical cancer models (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . BETis have advanced into clinical trials for cancer treatment, for example, in nuclear protein of the testis midline carcinoma (NMC) (55) , acute leukemia (56) , and multiple myeloma (57) . BETis appear to preferentially affect the transcription of a relatively small subset of genes with super-enhancers (also called stretchenhancers), such as MYC and BCL2 (42) (43) (44) (45) (46) (47) (48) (49) , suggesting that BET inhibition may specifically modulate the expression of a fraction of genes.
RESULTS

Drug combination screen identifies BETi as acting synergistically with PARPi
To explore whether modulation of epigenetic regulators can sensitize cancer cells to PARPi, we performed a drug combination screen in a triple-negative breast cancer cell line, MDA-MB-231, which expresses wild-type BRCA1/2 and modestly responds to PARPi. An FDAapproved PARPi (olaparib/AZD2281) and 20 well-characterized epigenetic drugs targeting seven classes of epigenetic regulators (>2 compounds for each class; table S1 and Fig. 1A) were chosen for the initial screen. The average combination index (CI) values of olaparib and each epigenetic drug are summarized in Fig. 1B . Notably, all three BETis (JQ1, I-BET762, and OTX015) showed strong synergistic effects with olaparib in MDA-MB-231 cells. To confirm our observation, we validated the above results in cell lines originating from three cancer types, namely breast (MDA-MB-231), ovarian (OVCAR10), and prostate (VCaP) cancers, for which PARPi treatment has been proposed in clinical trials. Consistent with our initial screen, cell viability assays showed strong synergistic effects of JQ1 with olaparib in all three cancer cell lines (Fig. 1C , all CI < 0.5). Then, we took a genetic approach by simultaneously targeting BRD2, BRD3, and BRD4 using pooled small interfering RNAs (siRNAs) and found that the pooled siRNA treatment sensitized cells to PARP inhibition compared to the control siRNA ( fig. S1 ). Furthermore, the synergistic effect was also confirmed by independent in vitro assays including anchorage-dependent colony formation assay (Fig. 1D ) and anchorage-independent soft agar assay (Fig. 1E) . Furthermore, we expanded our drug combination to several well-characterized BETis (JQ1, I-BET762, and OTX015) and PARPis (olaparib and veliparib/ABT888) in MDA-MB-231 cells. A strong synergistic effect was observed in all combinations tested in our study (Fig. 1F ). Additionally, a synergistic effect of BETi and PARPi combination was observed in four HR-deficient cancer cell lines: UWB1.289, HCC1937, PEO1, and CAPAN-1 ( fig. S2 ). We also found that JQ1 showed a synergistic effect in combination with the DNAdamaging drug cisplatin, but not with paclitaxel, which acts by stabilizing microtubules in MDA-MB-231 cells ( fig. S3 ). Finally, although BETi represses the cell cycle (40, 41) and reduces the cancer stem cell population (58), the noncycling cancer cells and aldehyde dehydrogenase (ALDH)-positive cancer stem cells appeared insensitive to combination treatment with JQ1 and olaparib (figs. S4 and S5).
BET inhibition enhances PARPi-induced DNA damage To test whether JQ1 enhances the DNA damage induced by PARPi treatment, we measured the amount of DNA damage induced by olaparib alone and in combination with JQ1 in HR-proficient cancer cells using a comet assay. DNA damage was increased by olaparib alone in a dose-dependent manner, but the extent of DNA damage was greatly increased when cells were treated with a combination of JQ1 and olaparib (Fig. 2, A and B) . Furthermore, we used immunofluorescence staining to measure the number of phosphorylated histone H2AX (gH2AX)-positive foci formed in the cells in response to various treatments. Consistent with previous results, the numbers of gH2AX-positive foci were increased in cells subjected to combination treatment compared to cells treated with olaparib alone (Fig. 2, C and  D) . Finally, Western blot analysis also showed that the amounts of gH2AX were increased in cells subjected to combination drug treatment compared to cells treated with olaparib alone (Fig. 2E) .
BET inhibition reduces HR
To test whether BET inhibition reduces HR and subsequently enhances PARPi response, we used an HR reporter assay (59) to monitor HR activity in response to ionizing radiation (IR)-induced DNA damage (Fig. 3A) and found that JQ1 decreased HR in cancer cells (Fig. 3B ). This result was further confirmed by the pooled siRNAs targeting BRD2, BRD3, and BRD4 ( fig. S6 ). Then, we used a single-stranded DNA (ssDNA) staining assay (Fig. 3C ) to detect the formation of IRinduced ssDNA, which is promoted by BRCA1 and acts as a substrate for HR repair (60) . Consistently, ssDNA staining assays indicated that JQ1 treatment reduces ssDNA formation in response to IR (Fig. 3D) . Furthermore, immunofluorescence analyses indicated that JQ1 impaired HR by decreasing the foci formation of BRCA1 and RAD51 BET inhibition sensitizes HR-proficient tumors to PARPi treatment in vivo Next, we tested the effect of combined BETi and PARPi treatment in xenograft tumors. In an orthotopic MDA-MB-231 breast cancer model, mice were randomly assigned to one of four groups to receive vehicle, JQ1, olaparib, or combination of olaparib and JQ1 (Fig. 4A) . The combination of JQ1 and olaparib resulted in a significant inhibition of tumor growth (P < 0.0001; Fig. 4 , B to D). Next, in an OVCAR10 ovarian cancer orthotopic model (Fig. 4E ), as compared with the vehicle group, all treatment groups displayed slower growth of peritoneal tumors and relief from the accumulation of ascites. Compared with single-agent treatment, combination of JQ1 and olaparib showed significantly decreased peritoneal ascites and tumor formation (P < 0.01; 
BET inhibition and depletion repress the expression of BRCA1 and RAD51
To investigate the molecular mechanism underlying the synergistic effect between BETi and PARPi, we used microarray profiles generated by Asangani et al. (50) to analyze transcriptome changes induced by JQ1 treatment of VCaP cells. Gene ontology analysis indicated that these JQ1 response genes were significantly enriched in cancer-associated pathways such as the DNA damage response (P = 0.00009; Fig. 5A) . Notably, the expression of BRCA1 and RAD51, genes involved in the DNA damage repair via HR, was reduced about as much as that of MYC, a well-demonstrated JQ1 target gene (Fig. 5B) . We further validated the above microarray results in two independent cell lines: MDA-MB-231 and OVCAR10. Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis showed that JQ1 treatment reduced the mRNA expression of BRCA1 and RAD51 in a time-and dose-dependent manner (Fig. 5C ). This result was confirmed at the protein level in MDA-MB-231 cells by Western blot (Fig. 5D) . The tumor samples collected from the in vivo treatment experiment showed similar results ( fig. S11 ). To test whether the repression of BRCA1 and RAD51 by JQ1 was mediated by BET proteins, we took a genetic approach by targeting each BET family member with two independent siRNAs. Knockdown specificity was confirmed by individual siRNA transfection (Fig. 5E) . A reduction in both BRCA1 and RAD51 expression was observed when siRNAs targeting the three BETs were pooled together (Fig. 5E ). This result was further confirmed at the protein level in MDA-MB-231, OVCAR10, and VCaP cells by Western blot (Fig. 5F ). Notably, JQ1 treatment did not affect the expression of other core proteins in the DNA damage repair pathways (fig. S12).
BETi directly represses transcription of BRCA1 and RAD51 in cancer cells To explore the mechanism by which JQ1 represses the expression of BRCA1 and RAD51, we analyzed chromatin immunoprecipitation (ChIP) with antibodies against BRD2/3/4 followed by ChIP sequencing (ChIP-seq) in VCaP cells treated with JQ1 (50) . As expected, BRD2/ 3/4 immunoprecipitates shared overlapping enrichment for the promoter regions of BRCA1 and RAD51, and JQ1 treatment reduced the recruitment of all three proteins to these regions (Fig. 6, A and  B) . This observation was also validated by our ChIP-quantitative PCR (qPCR) analysis in MDA-MB-231 cells (Fig. 6, C and D) . Next, we generated a luciferase reporter containing the DNA sequences of the BRCA1 or RAD51 promoter (Fig. 6, A and B) . Consistent with ChIP experiments, the luciferase activity of BRCA1 and RAD51 promoters was repressed by JQ1 treatment but was unchanged by olaparib treatment. Compared to JQ1 treatment alone, there was no further reduction of the luciferase activity when the cells were treated with a combination of JQ1 and olaparib (Fig. 6, E and F) . Furthermore, knocking down BRD2/3/4 by siRNAs genetically mimicked the effect of JQ1 in repressing the activity of BRCA1 and RAD51 promoters. Compared to the knockdown of individual BET family members, pooled siRNAs targeting all three BETs achieved greater repression in the activity of BRCA1 and RAD51 promoters (Fig. 6, G and H) .
We also explored potential super-enhancer regions in the BRCA1 and RAD51 loci using ChIP-seq analysis. ChIP-seq data on H3K4me1, H3K4me3, and H3K27Ac indicated that a putative super-enhancer (a cluster of enhancers identified by high amounts of H3K27Ac/H3K4me1 and low amounts of H3K4me3) exists in the downstream region of the BRCA1 gene in MDA-MB-231 cells (Fig. 7A) . A consistent H3K27Ac binding pattern was also observed in VCaP cells, in which BRD2/3/4 were enriched in the same regions (Fig. 7B) . JQ1 treatment markedly decreased the binding ability of BRD2/3/4 in such enhancer regions in VCaP cells (Fig. 7B) . Furthermore, an identical H3K4me1, H3K4me3, and H3K27Ac binding pattern was also found in nonmalignant cells such as GM12878 cells (Fig. 7C) , in which the BRCA1 gene and this putative enhancer cluster are located in the same topologically associated domain, as defined by high-resolution Hi-C analysis (Fig. 7D) . To confirm the physical interaction between the BRCA1 promoter and this potential enhancer cluster, we performed quantitative analysis of chromosome conformation capture assays (3C-qPCR) in three different cancer cell lines. Among the seven pairs of primers designed to detect the potential promoter-enhancer interaction (Fig. 7, A and E) , the primers for the promoter and the enhancer locus 2 showed the greatest interaction strength and strongest response to JQ1 treatment in all three lines (Fig. 7E) . The size of the corresponding PCR product was confirmed by electrophoresis (Fig. 7F) . The above observations were also validated by ChIP-qPCR analysis in MDA-MB-231 cells (Fig. 7G) . A strong transcriptional enhancing activity was observed in the cells transfected with the BRCA1 promoter-enhancer vector compared to the BRCA1 promoter vector, and the enhancer activity was inhibited by JQ1 alone or the combination of JQ1 and olaparib but not by olaparib alone (Fig. 7H) . Finally, we confirmed the above result by siRNAs specifically targeting each BET family member (Fig. 7I) .
Recurrent copy number amplification of the BRD4 gene is observed across common cancers To characterize the genomic alterations of BET genes in cancer, we retrieved RNA sequencing (RNA-seq; n = 8298), single-nucleotide polymorphism (SNP) microarray (n = 9445), and exon sequencing (exon-seq; n = 8899) profiles across 20 common cancer types (table S2) from The Cancer Genome Atlas (TCGA). First, we found that gene fusion is a rare genomic alteration for BET genes across all cancer types. Only 10 fusion events (8 from BRD4 and 2 from BRD3) were identified across 8298 RNA-seq profiles of TCGA tumor specimens (Fig. 8A and table S3) . No recurrent fusion events were identified. Second, we found that there was no recurrent mutation observed in BET genes, except for a low-frequency recurrent BRD2 mutation in colon cancer (3.01%) and BRDT in pancreatic (0.55%) and endometrial (8.12%) cancers, across 20 cancer types (n = 8899) based on exon-seq analysis (table S4) . Last, we analyzed the somatic copy number alterations (SCNAs) of BET genes in cancer via SNP microarray analysis of 9445 tumors in 20 cancer types from TCGA. In a pan-cancer analysis, recurrent amplification of BRD4 was observed (Fig. 8, B and C) . Analyses for each individual cancer type showed that BRD4 was recurrently amplified in breast, liver, ovarian, and endometrial cancers (Fig. 8, B and D) . By contrast, BRD3 was recurrently deleted in breast and ovarian cancers at a low frequency (Fig. 8B) . Although the BRDT gene (coding a testis-specific BET protein) was recurrently deleted and mutated in six and two cancer types, respectively, the RNA-seq analysis indicated that BRDT mRNA was not detectable in any cancer type (Fig.  8D ). This suggests that deletion and mutation of BRDT may be a passenger event. In contrast, BRD2, BRD3, and BRD4 were widely expressed in all cancer types examined in our study (Fig. 8E) . We found a positive correlation between BRD4 copy number and gene expression across all cancer types and in individual cancers (Fig. 8F ). Cancer types that had higher expression of BRD4 SCNAs (such as ovarian and breast cancers) demonstrated stronger RNA-SCNA correlations than the cancer types with fewer SCNAs (such as prostate cancer) (Fig. 8F) . We also found that the BRD4-amplified cancer cell lines have decreased sensitivity to PARPi (fig. S13 ). The recurrent focal amplification of the BRD4 gene provides a strong rationale for BRD4-targeted therapy for cancer patients.
DISCUSSION
Strategies that selectively disrupt HR in cancer cells may sensitize HR-proficient tumors to PARP inhibition. Furthermore, given that acquired HR proficiency is one of the most common resistance mechanisms to PARP inhibition, such approaches may also overcome resistance to PARPi treatment, which can develop in tumors initially sensitive to PARPi. In this regard, several approaches have been evaluated in preclinical and early clinical trials (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , such as combinations of PARPi with a CDK1 inhibitor that represses phosphorylation of BRCA1 (30) and combination of PARPi with PI3K (phosphatidylinositol 3-kinase)/AKT inhibitors that down-regulates BRCA1/2 expression (31) and suppresses RAD51 foci formation (32) . Using a drug synergy screen, we identified BETi as acting synergistically with PARPi in HR-proficient cells. Our results indicate that BETi may synergize with PARPi to treat patients with de novo HR-proficient cancer that is primarily resistant to PARPi because repressed BET activity impairs BRCA1 and RAD51 expression, subsequently converting HR-proficient tumors to HRdeficient tumors ( fig. S14A) . Furthermore, our results suggest that BETi may resensitize tumors with acquired HR proficiency to PARPi treatment, thus overcoming PARPi resistance. BETi may act by repressing the expression of secondary BRCA1 mutations that restores BRCA1 function ( fig. S14B ) or blocking the expression of BRCA1 and RAD51 in the context of other resistance mechanisms (such as 53BP/ REV7 loss and BRCA2 reversion mutation) to overcome PARPi resistance. Because BET inhibition simultaneously represses the expression of BRCA1 and RAD51, BETi may also enhance the response to PARP inhibition in HR-deficient tumors such as BRCA1-or BRCA2-mutated cancers by further blocking RAD51 expression ( fig. S14C ). Finally, given that deficiency of HR increases the sensitivity of cancer cells to treatment with DNA damage agents, BETi may also act synergistically with classical chemotherapy drugs. Our study provides a strong rationale for clinical application of BETi in combination with PARPi or other DNA-damaging anticancer agents.
The molecular mechanism of BET inhibition in cancer treatment is a fundamental question. Considering the critical role of BET proteins in gene transcriptional elongation, the mechanism underlying the antitumor activity of BETi may be mainly mediated by transcriptional repression (40, 41) . The observation that BET inhibition only represses the transcription of a selected subset of genes was unexpected, indicating that BETi may specifically impair the expression of a fraction of cancer-associated genes such as MYC (42) (43) (44) (45) (46) (47) (48) (49) . We showed that expression of BRCA1 and RAD51 was repressed by BETi to a comparable extent as MYC repression in multiple cancer models. A potential superenhancer of BRCA1 was identified in epithelial cancer cells, and it is conserved in nontransformed normal cells. We demonstrated that repression of BET proteins impairs expression of BRCA1 and RAD51, subsequently disrupting HR in tumor cells. Our study thus provides a mechanistic insight into the development of BET-targeted therapy in cancer. Our study has been limited to focusing on the BETi targeting genes, which are directly involved in DNA damage repair. Although we believe that direct transcriptional repression of HR genes is the dominant mechanism, we cannot exclude other indirect mechanisms that may also cooperate or contribute to this synergistic effect. For example, BETi represses expression of MYC (42-49), a transcriptional amplifier, and thus, MYC reduced by BETi might also indirectly contribute to reduction of HR gene expression and enhancement of NHEJ activity, especially in the MYC-hyperactivated tumors. Additionally, BETi may also directly influence the DNA damage response by interacting with chromatin remodeling complexes. A recent study identified a short isoform of BRD4, which serves as an insulator of chromatin, modulating the signaling response to DNA damage (61) . Therefore, it is still necessary to further characterize how other mechanisms cooperate or contribute to the BETi/PARPi synergistic effect in some cellular contexts. Despite these limitations, our findings provide a strong rationale for clinical application of PARPi in the setting of combination with BETi to treat cancers with de novo or acquired resistance to PARP inhibition.
MATERIALS AND METHODS
Study design
The overall goal of this study was to identify epigenetic modulators that can act synergistically with PARPis in preclinical models of human cancer. Further experiments were designed to characterize the molecular and cellular mechanisms of the combination. The selection of cancer cell lines was based on the clinical application of PARPi: We chose cell lines originating from ovarian (OVCAR10), breast (MDA-MB-231), and prostate (VCaP) cancers, for which PARPi treatment has been applied or proposed in clinic. Given that olaparib (AZD2281) was the first PARPi approved by FDA, we chose it in our initial screen. For all xenograft studies, sample sizes were decided using data from preliminary caliper measurements of tumor growth. We performed preliminary experiments using a few mice per group to decide the sample size, followed by larger studies to perform the in vivo drug combination experiments with statistical analysis. We also repeated experiments to ensure reproducibility. Xenografted mice were randomized before receiving different treatments. The resulting tumors were analyzed in a blinded manner. For all in vitro experiments, no randomization or blinding was used because they were deemed unfeasible because of the nature of the performed experiments.
Statistical analysis
Statistical analysis was performed using SPSS and R software. All results are expressed as means ± SD, and P < 0.05 indicates significance.
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